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Abstract: Tetraaryloxy-substituted diazadibenzoperylene bridging ligdradb were employed in transition
metal-directed self-assembly with Pd(ll) and Pt(Il) phosphane trifagswhich resulted in complex dynamic
equilibria between molecular triangl8s—d and molecular squareésa—d in solution. Characterization of the
equilibria and assignment of the metallacycles was accomplishétl land 3'P{*H} NMR spectroscopy in
combination with electrospray ionization Fourier transform ion cyclotron mass spectrometry (ESI-FTICR-
MS). It was found that the equilibria depend on several factors, such as the metal fono(PeiE"), the

solvent, and the steric demand of the phenoxy substituents of the diazadibenzoperylend éigahatsoduction

of bulky tert-butyl groups inlb shifts the equilibrium significantly in the direction of the molecular squares.
Molecular dynamics simulations of the triangle and square structures revealed critical steric effects and restricted
conformational flexibilities of the phosphane and diazadibenzoperylene ligands that help explain the distinct
dynamic behavior observed in variable-temperature NMR studies. Concentration-dependent UV/vis and
fluorescence spectroscopy revealed the limited stability of the assemblies and confirmed the reversible nature
of the dynamic equilibria.

Introduction and applications such as anion recognftighand electrochemi-

Transition metal-directed self-assembly of macrocycles and €@l sensingi Recently, the incorporation of functional dye
cage compounds has received considerable attention lately/igands, based on perylene bisimides and porphyrins, into

leading to more and more complex architectdrées, example,
molecular triangledb23 squares and rectanglé$? pentagons
and hexagon&gcatenanes, nanotubes and polytubeswls and
cages cuboctahedra and dodecahédmmong many others. The
possibility to use a wide variety of transition metal ions

metallacycles opened up a promising avenue toward artificial
light-harvesting systentf$;9.10
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There have been many concepts and ideas to predict whichtions and structural characteristics of both triangles and squares
species will self-assemble in solutib#! and these consider-  and helped to understand the dynamics observed on the NMR
ations are mainly based on the information stored in the building time scale. Furthermore, the optical absorption and fluorescence
blocks, that is, the number of receptor groups, their positioning properties as well as thermodynamic stabilities of the metal
in space, the electronic configuration of the metal ions, and the complexes were investigated.
specificity of molecular recognition. It appears from this work
tha_lt rational design o_f metallosupramolecular structures is a ragyits and Discussion
reliable method. Thusgis-protected square planar Pd(ll) corners
will assemble to molecular squares in the presence of ditopic Preparation of Metallacycles and NMR StudiesOur initial
linear bridging ligands, whereas angular units of &ad 120 goal was the construction of functional molecular squares and
in combination with linear linkers suffice to form triangles and cages viais-protected Pd(ll) and Pt(ll) phosphane triflagzsb
hexagons, respectively?8 However, there is an increasing and the new highly fluorescent diazadibenzoperylene ligands
number of examples that deviate from the expected structures.1a,b.# Stoichiometric amounts dfa or 1b and2a or 2b were
Often two or more species equilibrate when there is no reacted in dichloromethane at room temperature for 24 h to yield
thermodynamically clearly favored species or when further orange complexes in 557/8% isolated yields (Scheme #)In
effects come into play such as steric strain and electrostatic all cases the bright greenish fluorescencd ab is quenched
repulsion. Equilibration is facilitated by the reversible nature immediately upon mixing wit2a,b, and the solutions turn
of the bond-forming-bond-breaking process in the self-as- orange. The isolated crystalline complexes were characterized
sembly of metatligand systems that is strongly desired and Dy elemental analyses (C, H, N, S) that proved the 1:1
regarded as a self-repairing option to obtain perfect structures.StQiChiometry for all combinations of diazadibenzoperylene

The focus of our work is on large-sized molecular triangles Pridging ligandsla,band metat phosphane cornega,b.°On
and molecular squares, where numerous examples for squarébe othe_r hand NMR specira of these °°F"p'eX6$ exhlblged broad
structures but considerably less for triangular structures are givenSlgnals in the'H a'?d tW(.) rather' brpad singlets in tﬁ%P{ H}
in the literature Besides “pure” squares and triangles, also a NMR spectra which did not |r_1d|cate ﬂ;e formation of the
few equilibria between molecular squares and triangles haveexpected molecular squares (Figure ib},' . .
been reported.One of the most useful corner units is given | € room-temperature NMR spectra implied dynamic pro-

with cis-dpppPd(Il) and -Pt(ll) which were introduced by Stang CESSES On the NMR time scale. Therefore, variat_)le-temperature
et al# To date, these corners are reported to form exclusively NMR spectra of thda—2acomplex were recorded in deuterated

s : : . itromethane allowing for a wide temperature window (Figure
molecular squares with linear diazaligaréi$*However, during ni 3
coordination studies of diazadibenzoperylene ligatajst* with 12' Over the whole temperature range (2353 K) the*'p-
these corner units we observed for the first time trianglguare {*H} spectra d|splay.two singlets between 10 qnd 11 ppm t_hat
equilibria also for this system. The trianglequare equilibria Sh?fpe” notably at h|gher.temperatures. The signals are shifted
were characterized by a combination of variable-temperature upfield by about 8 ppm with respect to the precursor complex

. o 13 .
multinuclear NMR spectroscopy and ESI-FTICR (electrospray 2a, typical for aza-ligand coordinatioh:* No uncoordinated
S : : metat-phosphane corners could be detected. The presence of
ionization Fourier transform ion cyclotron) mass spectrometry.

Molecular modeling gave insight into the mutual steric interac- two *P resonances indicates wo nonequivalent methos-
99 9 phane corner units that are coordinatedlay The 'H NMR

(8) (@) Yu, S-Y. Kusukawa, T.. Biradha, K.. Fujita, M. Am. Chem.  SP€ctra show broad and undefined signals at room temperature
Soc. 200Q 122, 2665-2666. (b) Fujita, M.; Fujita, N.; Ogura, K. (Figure 1b), but the signals sharpen at lower temperatures and

Yamaguchi, K.Nature 1999 400, 52-55. (c) Fujita, M.; Yu, S.-Y; many defined resonances appear (Figure 1c). However, at higher
Egs%g‘g%;é;og“z'lazlgég* Ogura, K.; Yamaguchi, Kngew. Chem.. Int.  temperatures, the spectra become simpler, and at 353 K only
(9) (a) Takeda, N.; Umemoto, K.; Yamaguchi, K.; Fujita, Mature two sets of signals remain, two for the diazadibenzoperylene
é%?jdsgaggggn%. P(b‘)] %ﬁnﬁﬁé rE';leflvgigé |\£.2 f‘ioﬂffgféﬁ' A Iigands la and two for the dppp moiety (Figu.re la). Somg
Olenytyjk,'B..;’White%rd, J A.;'Fechte:r'\ker, A.; Stang, P. J\Iaturelég(g) S|gr_1als of the various phenyl groups ove_rlap_ in the aromatic
398 796-799. region, but theo protons next to the coordinating nitrogens at
(10) (a) Funatsu, K.; Imamura, T.; Ichimura, A.; Sasakinarg. Chem. around 9 ppm give well-separated characteristic resonances. In

(1:998 37, 112%2—%22‘; (Ziglgfa(in), g- M.; éeth, J’-\]!\fﬂ_]-t_ChEm-VSOC-- Ehepf\n- accordance there are two sets of signals present for the propyl
ommun.. . (C rain, C. ., NiImiatis, F.; vasenko, A.; : H
Batteas, J. DAngew. Chem., Int. EQ99§ 37, 23442347, (d) Slone. R. bridge of the dppp ligand that overlap themselves but that are

V.: Hupp, J. T.Inorg. Chem.1997 36, 5422-5423. () Slone, R. V.; well-separated from all other signals. Notably, the integral ratios

Belanger, S.; Hupp, J. T.; Guzei, I. A;; Rheingold, A. Coord. Chem. of corresponding protons of the two sets of signals compare
Rev. 1998 171, 221-243. (f) Slone, R. V.; Yoon, D. I.; Calhoun, R. M; i 1pf 1,
Hupp, J. T.J. Am. Chem. Sod995 117, 11813-11814. (g) lengo, E.; well to those in the P{*H} NMR spectrum.

Milani, B.; Zangrando, E.; Geremia, S.; Alessio,&hgew. Chem., Int. Ed. The integral ratio of thé'P{*H} NMR signals was found to
20((331)39(), )1296—1089;{:h Eur. 11998 4, 19-27. (&) Caulder, D. L be solvent-dependent, changing from 4:6 in deuterated aceto-
a) Stang, P. hem. Eur. , . aulder, D. L; e E A i ;
Raymond, K. NAcc. Chem. Res.999 32, 975-982. (¢) Navarro, J. A. nitrile over 5:5 in acetone to about 6:4 in mtromt_athane_-._ Thls
R.; Lippert, B.Coord. Chem. Re 1999 185-186, 653-667. strongly supports the presence of a thermodynamic equilibrium
(12) Hong et al. (ref 3c) reported a trianglsquare equilibrium with

enPd(NQ), and trans-1,2-bis(4-pyridyl)ethylene. For reasons of charac- (15) NMR experiments indicate that the self-assembly process is
terization by mass spectrometry they prepared the analogous [Pd(dppp)]-quantitative because exactly the satheand3P{*H} NMR spectra as for
[(OTf)2] complex. the isolated complexes were observed after mixing stoichiometric amounts

(13) Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. Nl. Am. Chem. Soc. of 1 and2 in CDClz in the NMR tube. However, owing to the very good
1995 117, 6273-6283. Here, an example is reported with the diaza-ligand solubility of the complexes in dichloromethane and the formation of
pyridazine which did not yield a molecular square but a complex with two extremely fine precipitates upon addition of diethyl ether, the isolated yields
pyrazines coordinated to one metal ion. It was reasoned that steric interactionare only 55-78%.
between the phosphane ligands of adjacent metals prevented square (16) All attempts to grow single crystals suitable for X-ray analysis failed.
formation. Only very small crystals of poor quality could be obtained which were

(14) Wuthner, F.; Sautter, A.; Thalacker, @ngew. Chem., Int. Ed. unstable and immediately cracked upon manipulation or removal from the
200Q 39, 1243-1245. mother liquor.
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Scheme 1. Self-Assembly by MetatLigand Coordination of Phenoxy-Substituted Diazadibenzoperyléagsand
Metal-Phosphane Triflate®a,b and Triangle-Square EquilibrieBa—d/4a—d

P_ 0SO,CF CH,CL,, tt, 24h, argon
N/ \N - C \'M: 2> 3 212 .
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3b:R=Ph, M =Ptz p-1BuPh = "'©7< 4b : R = Ph, M = P2+
3¢ : R = p—~BuPh, M = Pd?* 4c : R = p-tBuPh, M = Pd?*
3d: R = p—fBuPh, M = Ptz 4d : R = p—tBuPh, M = Pt2*

between two different species. Interestingly, dissociation occurs are formed. However, there are differences in the integral ratios

at elevated temperature¥ & 320 K) in DMSO as no more

of the two sets of signals for the Pd(ll) and the Pt(Il) complexes.

sharp signals could be detected but only a broad resonanceThe ratio in CRNO; is ca. 2:3 forla—2a (Pd(ll)) and ca. 1:1

aroundo = 20 ppm.

The NMR spectra of all other complexes between diazali-
gandsla,band metal cornera,b exhibit the same features as
those of complexa—2a, that is, temperature dependence and
two sets of signals at high temperatures both in'thend3!P-
{H} NMR spectra, indicating that the same kind of species

O AO

11.0 10.0
ppm ppm

Figure 1. Variable-temperaturéH (left; aromatic part) and'P{*H}
(right) NMR spectra of triangtesquare equilibriun8a/4arecorded in
CDsNOg; (a) 353 K; (b) 303 K; (c) 253 K.

7.0

for 1a—2b (Pt(ll)). This implies that not one species with two
nonequivalent metalphosphane corner and diazadibenzop-
erylene ligand units is present, but that two different species
must be in equilibrium. This point of view is further supported
by complexes that contain the sterically more demantking
butyl-substituted ligandb which exhibit inverted integral ratios
(ca. 7:3 (b—2a) and 8:2 {b—2b)) with respect to the
complexes containing liganda. Obviously, here the other
species is preferred, pointing to a pronounced steric influence
of thetert-butyl groups on the equilibrium. Figure 2 shows parts
of the IH and3'P{H} NMR spectra oflb—2b which exhibit
simpler signal patterns (because of the 4-substituted phenoxy
groups) and additionally two characteristic singlets fortdre
butyl groups in theH NMR.17

Mass Spectrometry.ESI-FTICR-MS allowed the unambigu-
ous assignment of the species present in the equilibria. This

(@) I ® O © sg
(8 aN AO A

95 9085807570 15 14 -11 -13
ppm ppm ppm
Figure 2. H and®P{!H} NMR spectra of trianglesquare equilibrium
3d/4d recorded in CENO; at 353 K; (a) aromatic protons; (lrt-
butyl protons; (c) phosphorus nuclei.
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Figure 3. (a) ESI-FTICR-MS (acetone solution) of trianglsquare
equilibrium3b/4b; the insets show the resolved signals of (b) the triply
charged squaretp-30Tf]*" and (c) the doubly charged triangl@bk
20T+,

technique was used because of both its capability of achieving
extremely high mass resolution and the possibility of measuring
with a very high mass accuraéy With this method signals
arising from the isotopic distribution of multiply charged large

molecules generated by ESI can be resolved. From the isotopic

pattern the charge state can be derived, thus allowing the
calculation of the molecular weight. However, only the more
stable platinum complexeda—2b and 1b—2b could be
analyzed. The overview spectrum of systéar-2b (acetone
solution) displays three main signals centerechat2254.416
with a charge state af = 2, that is, separation of peaks by 0.5
mass unitsy/z 1987.392 £ = 3) andn/z 1453.308 £ = 3)
(Figure 3). Two signals are magnified to show the isotopic
distribution (Figure 3b and c) with a resolution of up to 78 000
(fwhh, full width at half peak height). As the ionization of the
complexes occurs simply by the loss of triflate anions, the
corresponding deconvolution of the three signals confirms that
only two oligomers are present in the equilibrium of a molecular

J. Am. Chem. Soc., Vol. 123, No. 23, 20®U27

5x10°

4x10°4

3x10°4

I/ a.u.

2x10°

1x10°4

04

m/z

Figure 4. Superposition of signals arising from the triply charged
triangle Bb-30Tf]** and a simply charged fragment (one perylene
ligand and one platinum phosphane corner). Both species exhibit the
samem/zratio, but are clearly resolved and assigned by the ESI-FTICR-
MS method.
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Figure 5. ESI-FTICR-MS (acetone solution) of triangtsquare
equilibrium 3d/4d; the inset shows the calculated (top) and the
experimental (bottom) isotopic distribution of the square spedids [
30T

mass of 4807 and 6409. These values correspond exactly to a

(1a—2b)s trimer (3b) and a (a—2b), tetramer 4b). Evidence

for the cyclic nature of the species has been provided by the
NMR studies allowing us to assign the two species to be the
molecular triangle3b and the molecular squarb.

In contrast to the signals for the trimeric and tetrameric
species ain/z 2254 and/z 1987, the signal of the triply charged
triangle Bb-3OT{]®" at m/z 1453 is superimposed by a singly
charged species with the saméz ratio, that is, one perylene

doubly charged species of two corners and two diaza-ligands
(“half-square”), (iii) a triply charged triangular species, (iv) a
4-fold charged square species or (v) highdold charged {a—

2b), species. All of these species render the sanzzratio but

can be distinguished by their charge state and isotopic distribu-
tions. Therefore, only the high resolution of the ESI-FTICR
method allows the unambiguous determination of the charge
states for highly charged species and therefore identification

ligand and one platinum phosphane corner (Figure 4). This @nd assignment of the actual species. Figure 4 shows the
signal (n/z 1453) serves as a good example to address theoverlaying of a singly charged species (spacing of the mass
general difficulty of unambiguous characterization of large P€aks by one mass unit) and a triply charged species (spacing

supramolecular structures of high symmetry by mass spectrom-

etry. It could in principle originate from several species different
in their charge statg, (i) a singly charged fragment consisting
of a platinum corner coordinated by one diaza-ligand, (ii) a

(17) Assignment of the signal sets in the NMR spectra at elevated
temperatures is tentatively on the basis of the observed inverse integral
ratio of the two sets of signals in thert-butylphenoxy system8c—d/
4c—d compared to the phenoxy system@s—b/4a—b. The sterically
demandingtert-butyl groups will favor the molecular square in the
equilibrium, and therefore the dominating set of signal8dnd/4c—d is
assigned to the molecular squares. In the equilild@-b/4a—b the

of 1/3) corresponding to (i) and (iii), and the signal pattern
matches well with the overlaying of the corresponding calculated
spectra.

The results for completb—2b are in accordance to those
for 1a—2b, showing signals in the mass spectrum that originate
from the triangle3d and the squardd. However, under the
applied electrospray conditions (saturated acetone solution at
room temperature) the two dominating intense signals in the
spectrum arise exclusively from squatd, the @d-30Tf]*"
species atn/z 2287.038 and the4-4O0Tf]** species anvz

dominating set of signals is assigned to the molecular triangles, as is outlined 1677.795, whereas the signal intensities of the triangular species

in Figure 1 and Figure 2. This assignment is also in accordance with ESI-
FTICR-MS signal intensities.

(18) (a) Amster, JJ. Mass Spectron1996 31, 1325-1337. (b) Marshall,
A. G.; Hendrickson, C. L.; Jackson, G. Bass Spectrom. Re1998 17,
1-35.

[3d-20Tf]?* (m/z2591.271), Bd-30TfJ** (m/z 1677.555), and
[3d-40Tf]* (m/z 1220.912) are only about-810% of those

for the square signals (Figure 5). The inset in Figure 5 compares
the measured isotopic distribution (bottom) of the 3-fold charged
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(b) the outer side of the triangle, thus making the latter energetically
more favorable despite the less ideal geometry at the metal
centers (Figure 6t Another feature that becomes important
when we consideBc/4cand3d/4dis the smaller inner volume

of the triangle which should lead to a sterically very critical
encounter of the thretrt-butylphenoxy groups at the top and
bottom inner sides. Therefore, the reverse preference for the
triangle/square species for the two phenoxy substituents ob-
served by NMR and ESI-FTICR-MS is well-explained by these
molecular modeling studies.

To explain the dynamic behavior observed in NMR spec-
troscopy we account the following features, which we also
believe to be of importance in governing the equilibria. (i) The
diazadibenzoperylene backbone is twisted as revealed by an
Figure 6. Side and top views of energy minimized structures of square X_ray crystal structure of a closely related ligand with a twisting
4a (ac) and triangle3a (b,d) obtained by molecular dynamics — angje of about 25in the solid staté? In solution fast flipping
S|mulgt|0ns and MM2 force flelq geometry optimizations. The steric averages this twisting, and the high flexibility of the phenoxy
crowding of the dppp-phenyl rings and the phenoxy groups of the . - .
diazadibenzoperylene ligands is most pronounced for sqdares substltuents__afford the good solubility properties of _these
visualized in (c). molecules. (i) The somew_hat bul_ky phosphane (dp|_op) Ilgands

wrap around the coordinating pyridine units of the diazadiben-
square (resolution up to 65 000 fwhh) with the calculated one zoperylenes with their phenyl rings such as a tweezer that results
(top). A precise match between these two patterns could bein favorablez—a contacts. This interaction has been observed
observed for all signals. in X-ray crystal structure® and it has been reported that in

The signal centered a/z 1677 is again a superposition of ~ solution this interaction leads to broad NMR resonances of both
trimeric and tetrameric as well as a singly charged species all pyridine and dppp protons that show a distinct temperature

of the samenvz ratio as found for the systerBb/4b. An dependenc#:199.13 (jii) There is an inner and outer region of
additional measurement at ultrahigh resolution revealed the the macrocycles and one should expect splitting ofth&IMR
presence of these three species at the gimératio. It is of resonances of the phenoxy and perylene core protons at low

course not possible to quantify the equilibria by ESI-MS, but it temperatures when the structure is rigid and rotation is slow on
is noteworthy that the ratios are in fairly good agreement with the NMR time scale caused by steric hindrance and other
the situation in solution assigned by NMR spectroscopy. intermolecular interactions. High temperatures lead to a high
Further evidence for the presence of dynamic triargtpuare conformational flexibility (flipping of the perylene backbone,
equilibria was obtained from an ESI-FTICR-MS exchange fast dppp dynamics and rotations of the perylene ligands) with
experiment. The platinum complex&b/4b and 3d/4d were fast processes on the NMR time scale pretending a high
mixed in acetone in a 1:1 stoichiometry. In the resulting ESI- symmetry of the two species, resulting in simple sets of NMR
FTICR mass spectra mixed species of triangles and squaregesonances. At room-temperature coalescence is reached, and
containing both diaza ligandsiand1b could be unambiguously  at lower temperatures there is a loss of conformational flexibility,
identified by their masses and charge stafes. and rotations and other dynamic processes become slow on the
Molecular Modeling. To gain insight into the dynamic NMR time scale and therefore lead to abundant sharp reso-
behavior observed in the NMR spectra of the triangular and nances, owing to the reduction of symmetry.
square species, and to find arguments why the (expected) Optical Properties. The metallacycle8a—d/4a—d exhibit
molecular squares equilibrate with triangles, we applied mo- strong absorption with maxima at 5322 nm and 48Gt 2 nm
lecular dynamics simulations that afforded plausible energy (CH,Cl,) which originate from the diazadibenzoperylene chro-

minimized structures of both triangles and squéfe3he mophore. From Figure 7a we see a bathochromic shift af 15
obtained energetically minimized structures are depicted in 1 nm for the $—S; transition of this chromophore in the UV/
Figure 6. vis absorption spectra upon metal coordination. In addition, there

It is obvious that there is considerable steric strain in both are strong changes in the intensities of the spectral fine structure
cyclic assemblies rendering these metallacycles thermodynami-of the phenoxy-substituted systeBa/4aand3b/4b compared
cally less stable than other squdresported by us and others  to the diazadibenzoperylene ligafie. For thetert-butylphen-

(for stability studies, see below). The diazadibenzoperylene oxy-substituted systenfc/4cand3d/4d the intensity changes
ligands have a highly twisted and nonflexible aromatic back- in the spectral fine structure are less pronounced (Figuré?7a).
boné* which is further rigidified when incorporated into the
macrocycles. Hereint—z contacts are given between two (21) Entropy should also favor the formation of triangles as they assemble

; from fewer components with respect to squares.
phenyl groups of the dppp ligand and thesurface of the (22) It is not yet clear to us what exactly causes these spectral changes.

diazadib_enzol:)erylene ligands Which_typically_ Stabi_lize tetrameric A possible reason for the changes in the spectral fine structures might be
assemblie4.}3 However, as shown in the side views of both rigidification of the diazadibenzoperylene chromophores in the assemblies
assemblies, it is exactly this structural feature which interferes as Suggef;ed hby molﬁcular modellngt_ ath(lj the Obsbfir\ée_d :\rlmM?' dynlamtIﬁS-

: . : : ecause the chromophores are more tightly assembled in the triangles than
ConS'de_rably,W'th the spatial dgmand of the.phenolxy substltuentsin the squares, stronger changes in the intensity of vibronic transitions are
of our diazadibenzoperylene ligands, especially within the square reasonable for the phenoxy-substituted syst8aigaand 3b/4b because

scaffold (Figure 6a,c). Significantly more space is available at of a higher triangle-to-square ratio compared to tee-butylphenoxy-
substituted systendc/4cand3d/4d. Of course, other effects may also be
(19) Selected experimental/zvalues of mixed intact triangle and square  involved, such as excitonic coupling between the chromophores. For the
species: [(ally2bs)-30Tf*" m/z 1602.813; [laplb2bs)-20Tf2" m/z squares, excitonic coupling is expected to be negligible because of the
2366.561; [Laglb2by)-30Tf3" m/z2062.155. orthogonal arrangement of adjacent chromophores and the large distances
(20) CAChe 3.2, Oxford Moleculat999 MD-MM2 simulation at 300 of ca. 1.5 nm between opposite chromophores. In the triangles the angle
K using the CAChe 3.2 program. between adjacent chromophores is significantly smaller th&na@al the
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i performed with the platinum comple3b/4b (CH.Cl,), and
similar curves were obtained (Figure 8). However, the concen-
i tration range, where complex dissociation occurs, is at lower
concentrations with a point of inflection at & 1076 M,

] providing evidence for the higher stability of platinum coordina-

Emission (a.u.)

: RN i tion compared to that of palladium coordination.
500 550 600 650 700 750 800 Conclusions

Wavelength (nm) Transition metal-directed self-assembly of substituted diaza-
Figure 7. (a) UV/vis absorption spectra dfa (—), 1b (- - -), 3b/4b dibenzoperylene bridging ligands,bwith Pd(Il)— and Pt(Il)}-
(-+-+-), and3d/4d (---). (b) Fluorescence spectra b (—), 1b (- --), phosphane corner®a,b resulted in unexpected equilibria
3b/4b (-+-+--) and3d/4d (-++). All spectra were recorded in GAI; (¢ between molecular triangl@a—d and molecular squaresa—
values were calculated with respect to the concentrations of the d. Owing to complex dynamics on the NMR time scale
chromophored.a,b). identification and characterization of the species could only be

In contrast to the previously reported perylene bisimide-based ;CC?mp“Shed by a combination of variable-temperattirand
molecular squares which exhibited fluorescence quantum yields~ FL 1} NMR spectroscopy and ESI-FTICR mass spectrometry.
around 909619 here the intense diazadibenzoperylene fluo- BY €mploying different metal ions, Pd(ll) and P(ll), and two
rescence ®r = 0.75) is strongly quenched upon metal d|aza_d|benzoperylen(_e ligands that dlff_er only in their phenoxy
coordination. Weak emission of the complexes occurs with Substituents, energetic as well as steric effects that govern the
maxima at 540t 1 nm and 576t 2 nm and a quantum yield tnanglfe—square equilibria could be mvest_lgated. Molecular
which is by a factor of 1®9to 1(f lower than forla,b (Figure modeling helped to draw a reasonable picture of the steric
7b). situation of the trlan_gular_and square structures. The absorption

To obtain further information on the stability of the metal- Properties of the diazadibenzoperylene chromophores are af-
lacycles we followed the process of coordination by UV/vis fected considerably by me.tal coord|r1_§\t|on, and fluqrescence is
and fluorescence dilution studies (Figure 8). Upon diluting a Strongly quenched. The higher stability of the platinum com-
104 M concentrated solution &a/4a(CH,Cl,), the maximum plex_es wlth respect to the palladium complexes could_ be proven
absorption band and the high-energy shoulder are graduallyby dilution studles of the complexes which revealed dissociation
shifted to shorter wavelengths, eventually resulting in the Processes in the micro- to nanomolar range.
absorption spectrum of the free ligadd. At the same time
the intensity of the high-energy shoulder at= 478 nm
decreases. Figure 8 shows a logarithmic plot of the extinction  Materials and Methods. Solvents and reagents were purchased from
coefficient at this indicative wavelength versus concentration, Merck unless otherwise stated and purified and dried according to
resulting in a sigmoid curve that exhibits a narrow concentration standard procedurés.[Pd(dppp)][(OTf}]-2H:0 (dppp = 1,3-bis-
range between 16 and 106 M, where complex formation (diphenylphosphino)propane; Oiiftrifll_Joromethan(_esuIfonate) _and [Pt-
dissociation processes take place. The same dilution study(dPPP)II(OTf:]-2H.O were synthesized according to the literature.

monitored by fluorescence spectroscopy reveals a similar ©V/ViS spectra were recorded on a Perkin-Elmer Lambda 40P
spectrometer. Alk values are given with respect to the concentration

signature 'f. the normallzed |ntegra_1te(_j emission (that 1S COrrectedof the diazadibenzoperylene chromophores. Corrected fluorescence
for the optical den_sny at the excitation wavele_ngth) is pIottgd spectra were recorded on a Perkin-Elmer LS 50B fluorométeXMR
versus concentration. For both graphs the points of inflection spectra were recorded on a Bruker AMX 500 spectrometer at 500 MHz,
are located at the same concentrations af B0-® M, indicating and chemical shifts are reported relative to the signal of residual
that the same species in the equilibria are detected by bothprotonated nitromethane4.33 ppm. ThéP{H} NMR spectra were
spectroscopic techniques. Finally, the same experiment wasrecorded at 202 MHz, and chemical shifts are reported relative to

Experimental Section

chromophore to chromophore center distances are considerably smaller; (23) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
hence, spectral changes due to excitonic coupling might be of importance. Chemicals 2nd ed;, Pergamon Press: Oxford, 1980.
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external 85% aqueous;PIO; 6 0.0 ppm. ESI-FTICR-MS measurements
were carried out with a passively shielded 4.7 T APEXII-ESI/MALDI-

FT-ICR-mass spectrometer from Bruker Daltonik (Bremen, Germany).
Saturated solutions of the complexes in acetone were prepared. For

Sautter et al.

Fluorescence (Cil,, 293 K) 539, 576 nm. Anal. Calcd for
(C77H54N2010FPPtS+2H,0), (n+1638.5) C, 56.45; H, 3.57; N, 1.71;
S, 3.91. Found C, 56.47; H, 3.53; N, 1.65; S, 3.84.

Metallacycles 3c/4c.5,6,12,13-Tetra(4ert-butylphenoxy)-2,9-di-

mass calculation, data acquisition, processing, apodiz_ation, and deconazadibenzodd,Im]perylenelb (24.4 mg, 0.027 mmol) and [Pd(dppp)]-
volution the mass spectrometry software XMASS version 5.0.7 (Bruker [(OTf),]-2H,0 2a(22.6 mg, 0.027 mmol) were reacted and worked up

Daltonik) was used. The number of data points was 512 K for
acquisition ad 1 M for processing within a mass range of 6800

as described foBa, 4ato yield 33 mg (70%) of an orange solid. Mp
>310°C. *H NMR (500 MHz, CyNO,, 353 K) 3c: 6 9.15 (s, 12H,

Da. To increase the signal-to-noise-ratio 100 scans were accumulatedH,), 7.75 (m, 24H, Hopp, 7.51 (d,3] = 8.4 Hz, 24H, ko), (7.34 (s

For the external four-point-calibration an ES Tuning Mix from Hewlett-
Packard (Waldbronn, Germany) was used.

The synthesis ofahas been recently described in det&ithe same
synthetic protocol was used for the synthesis otténebutyl-substituted
analoguelb (refer to Supporting Information).

Metallacycles 3a/4a.5,6,12,13-Tetraphenoxy-2,9-diazadibenzo-
[cdm]perylenela (50.0 mg, 0.072 mmol) and [Pd(dppp)][(OFF

(br), 36H, Hipp), 6.92 (d,3) = 8.4 Hz, 24H, hbno), 3.27 (s(br), 12H,
Happp) 2-39 (s(br), 6H, khpp, 1.49 (s, 108H, ky); 4c: 6 9.43 (s, 16H,
Ha), 7.63 (M, 32H, Hypp, 7.38 (d,2J = 8.4 Hz, 32H, ko), (7.13 (s,
4H, 16H, Hoeryiend), 7.04 (M, 48H, Hypp), 6.86 (d,3 = 8.4 Hz, 32H,
Hpno), 3.22 (s(br), 16H, by, 2.39 (s(br), 8H, Ky, 1.37 (s, 36H,
Higy). 3P{*H} NMR (202 MHz, CQNO,, 353 K, 85% HPQ) 3c: o

11.19 (s)#4c: 0 10.16 (S). UV-vis (CHyCly, 293 K) Amax (€) [nm (mol?

2H,02a(61.3 mg, 0.072 mmol) were stirred at room temperature under dmg cm2)] 513 (67 300), 481 (43 800), 336 (23 400), 294 (70 200),

argon in CHCI, (10 mL) for 24 h. After filtration the solution was

286 (61 500). Fluorescence (@El,, 293 K) 541, 575 nm. Anal. Calcd

concentrated to ca. 1 mL, and an orange solid was precipitated uponfor (CogHgegN2010FsP.PdS-H20), (n+1756.2) C, 63.61; H, 5.05; N, 1.60;

addition of diethyl ether. The product was separated by centrifugation,

washed twice with diethyl ether, and dried in vacuo to yield 86 mg
(78%). Mp 304-306 °C dec.H NMR (500 MHz, CBNO,, 353 K)
3a:0 9.11 (s, 12H, H), 7.73 (M, 24H, Hypp, 7.41 (t, 24H2I = 7.5

Hz, Heno), 7.37 (S, 12H), 7.22 (m, 12H, #do), 7.16 (M, 24H, Hypp).
7.09 (M, 12H, Hypp, 6.92 (d, 24H3J = 7.5 Hz, Hno), 3.26 (s(br),
12H, Hygppp), 2.43 (s(br), 6H, Hypp; 4a: 6 9.38 (s, 16H, H), 7.62 (m,
32H, Hyppp, 7.38 (s, 16H), 7.34 (t, 32H, #do), 7.29 (m, 16H, Hypp,
7.27 (m, 16H, Hho), 7.06 (M, 32H, Hypp, 6.94 (d, 32H, Hho), 3.21
(s(br), 16H, Hppp, 2.43 (s(br), 8H, khpy. 3P{*H} NMR (202 MHz,
CD3NO;, 353 K, 85% HPQy) 3a: 0 11.31 (s);4a: 0 10.42 (s). UV

vis (CH.Clp, 293 K) Amax (¢) [nm (mol ! dm? cm™%)] 510 (68 100),
478 (49 100), 333 (30 900), 293 (83 200); Fluorescence,GT#1293

K) 541, 575 nm. Anal. Calcd for (fZHsaN2010FsP.PdS-H0), (N
1531.8) C, 60.38; H, 3.68; N, 1.83; S 4.19. Found: C, 60.29; H, 3.89;
N, 1.68; S, 4.00.

Metallacycles 3b/4b. 5,6,12,13-Tetraphenoxy-2,9-diazadibenzo-

[cd.Im]perylenela (50.0 mg, 0.072 mmol) and [Pt(dppp)][(OTA2H.O

2b (67.6 mg, 0.072 mmol) were reacted and worked up as described

for 3a, 4ato yield 75 mg (64%) of an orange solid. Mp310°C. *H
NMR (500 MHz, CBNO,, 353 K)3h: 6 9.09 (s, 12H, H), 7.73 (m,
24H, Hyppp), 7.43 (t, 24H, Wno), 7.40 (s, 12H), 7.327.05 (m, obscured
and overlap with signals ofb, 12H + 24H + 12H, Heno + Happp +
Happp, 6.93 (d, 24H, Hho), 3.32 (s(br), 12H, khpp, 2.40 (s(br), 6H,
Happp; 4b: 0 9.35 (s, 16H, H), 7.63 (M, 32H, Ky, 7.37 (t, 32H,
Heho), 7.35 (s, 16H), 7.327.05 (m, obscured and overlap with signals
of 3b, 16H+ 32H + 16H, Hono + Happp + Happy), 6.95 (d, 32H, Hho),
3.27 (s(br), 16H, Ky, 2.40 (s(br), 8H, khpy. P{*H} NMR (202
MHz, CDsNO,, 353 K, 85% HPQOy) 3b: 6 —11.14 (s);4b: 6 —11.65
(8). UV—vis (CH,Cly, 293 K) Amax (€) [nm (mol* dm® cm™)] 510 (69
900), 478 (49 300), 335 (25 200), 324 (24 900), 294 (79 900).

S, 3.65. Found C, 63.71; H, 5.11; N, 1.56; S, 3.37.

Metallacycles 3d/4d.5,6,12,13-Tetra(4ert-butylphenoxy)-2,9-di-
azadibenzodd,Im]perylenelb (36.9 mg, 0.04 mmol) and [Pt(dppp)]-
[(OTf)2]-2H20 2b (37.7 mg, 0.04 mmol) were reacted and worked up
as described foBa, 4ato yield 41 mg (55%) of an orange solid. Mp
>310°C. *H NMR (500 MHz, CQNO,, 353 K) 3d: ¢ 9.11 (s, 12H,
Ha), 7.76 (M, 24H, Hypp, 7.52 (d,3) = 8.4 Hz, 24H, ko), (7.19 (m,
36H, Hppp), (7.16 (S, 12H, Beryieny), 6.92 (d,2J = 8.4 Hz, 24H, hbno),
3.33 (s(br), 12H, fghpp, 2.39 (s(br), 6H, khpy, 1.50 (s, 108H, k.);
4d: 6 9.40 (s, 16H, H), 7.64 (m, 32H, Hppy, 7.39 (d,3] = 8.4 Hz,
32H, Heno), 7.36 (S, 4H, 16H, biyiend, 7.06 (M, 48H, Hypp), 6.87 (d,
3J=8.4 Hz, 32H, Hno), 3.28 (s(br), 16H, khpp), 2.39 (s(br), 8H, khpp,
1.38 (s, 36H, k). 3*P{*H} NMR (202 MHz, CQ3NO,, 353 K, 85%
H3PQy) 3d: 0 —11.31 (s)/4d: 6 —12.07 (S). UV-vis (CH.Cl,, 293 K)
Amax (€) [nm (mol* dm? cm™%)] 513 (68 500), 481 (45 700), 334 (29
300), 294 (78 400). Fluorescence (£Hp, K) 540, 578 nm. Anal. Calcd
for (CosgHssN201dFsP2PtS2H,0), (n-1862.9) C, 59.96; H, 4.87; N, 1.50;
S, 3.44. Found C, 60.25; H, 4.88; N, 1.50; S, 3.50.
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